Survival of bloodstream form Trypanosoma brucei, the agent of African sleeping sickness, normally requires mitochondrial gene expression, despite the absence of oxidative phosphorylation in this stage of the parasite's life cycle. Here we report that silencing expression of the a subunit of the mitochondrial F 1 -ATP synthase complex is lethal for bloodstream stage T. brucei as well as for T. evansi, a closely related species that lacks mitochondrial protein coding genes (i.e. is dyskinetoplastic). Our results suggest that the lethal effect is due to collapse of the mitochondrial membrane potential, which is required for mitochondrial function and biogenesis. We also identified a mutation in the c subunit of F 1 that is likely to be involved in circumventing the requirement for mitochondrial gene expression in another dyskinetoplastic form. Our data reveal that the mitochondrial ATP synthase complex functions in the bloodstream stage opposite to that in the insect stage and in most other eukaryotes, namely using ATP hydrolysis to generate the mitochondrial membrane potential.
Introduction
During its life cycle the unicellular eukaryote Trypanosoma brucei, an important pathogen of humans and livestock (http://www.who.int/tdr/diseases/tryp/default.htm), alternates between a mammalian host and an insect vector, the tsetse fly. The environmental changes encountered by the parasite require significant morphological and physiological adaptations, reflected, for example, by regulation of the activity of the organism's single mitochondrion (Schneider, 2001; Schnaufer et al, 2002; Matthews, 2005) . Whereas the insect stage has a highly active mitochondrion and generates energy by both oxidative and substrate level phosphorylation, the long slender (LS) bloodstream stage in the mammalian host generates energy through glycolysis (Coustou et al, 2003; Hannaert et al, 2003) . As a consequence, the LS stage mitochondrion is devoid of cristae and cytochrome-containing respiratory complexes and was thought to be largely inactive. Surprisingly, it was recently shown that replication of mitochondrial DNA (mtDNA) and editing of mitochondrial mRNAs, which is required for mitochondrial gene expression in these organisms, are essential processes, even in the LS stage (Timms et al, 2002; Stuart et al, 2005) . These findings suggested the presence of unidentified mitochondrial functions in the bloodstream stage. They also represented a conundrum since dyskinetoplastic (Dk) bloodstream stage trypanosomes that lack mtDNA (kinetoplast DNA or kDNA in trypanosomatids) exist in the wild and have also been generated in the lab (Schnaufer et al, 2002) . The Dk organisms are incapable of differentiating into the insect stage, underscoring the requirement for a functional respiratory chain in that stage of the life cycle, and rely on direct mechanical transmission between mammalian hosts (Schnaufer et al, 2002; Timms et al, 2002) . Hence, the LS stage parasites may undergo adaptations that compensate for the loss of mtDNA or its expression.
The F 0 F 1 -ATP synthase complex (respiratory complex V) is partially encoded in the mtDNA and is expressed in the LS stage (Opperdoes et al, 1976; Bienen and Shaw, 1991; Williams, 1994) . In eukaryotic cells, it is located in the inner mitochondrial membrane and participates in ATP generation through oxidative phosphorylation (Boyer, 1997) . The F 0 part is membrane embedded while the F 1 part extends into the matrix. Each protozoan and yeast F 0 complex is composed of one each of subunits 6 and 4 and a ring of multiple subunits 9. Subunit 6 is localized between the subunit 9 ring and subunit 4, which links F 0 and F 1 as a peripheral stalk. The function and location of a number of additional F 0 subunits are less understood. F 1 is comprised of a ring of six alternating a and b subunits that have ATP synthase catalytic sites at their interfaces. F 1 is linked to the subunit 9 ring via a central stalk that is composed of subunits g, d, and e. ATP synthesis is achieved by utilizing the proton motive force that is generated by the respiratory proton pumps. Protons are proposed to flow through a channel formed by subunits 6 and 9, inducing rotation of the subunit 9 ring, which forces the central stalk to rotate within the F 1 ring. This in turn drives ATP synthesis by inducing conformational changes in the a and b subunits. Some inhibitors of ATP synthase are specific for the assembled F 0 F 1 complex (e.g. oligomycin, which binds to the OSCP subunit of F 0 ) while others also affect the isolated F 1 moiety (e.g. azide).
The F 0 F 1 -ATP synthase can work in reverse and hydrolyze ATP to pump protons. Such a reverse function is well documented in prokaryotes, for example, in anaerobic bacteria (Futai and Kanazawa, 1983) , but demonstrated cases are rare in eukaryotes and involve hypoxic or anoxic conditions. For instance, when ischemic conditions in mammalian tissues result in a loss of respiration, F 0 F 1 -mediated ATP hydrolysis leads to depletion of cellular ATP, with pathological consequences (St Pierre et al, 2000) . For certain yeasts growing under anaerobic conditions, there is evidence that the complex functions as a proton pump in order to maintain a mitochondrial membrane potential (DCm) (Chen and Clark-Walker, 1999; Clark-Walker, 2003; Lefebvre-Legendre et al, 2003) . The requirement for maintaining a DCm reflects the need to import the numerous essential mitochondrial proteins into the organelle (Neupert, 1997) .
In the vast majority of eukaryotes, including trypanosomes, mtDNA encodes essential subunits of the respiratory proton pumps (complexes I, III, and IV) and of the F 0 part of complex V (Burger et al, 2003) . Hence, mtDNA loss would be expected to deprive the cell of both its usual mechanism for maintaining a DCm and using an F 0 F 1 -ATP synthase working in reverse. Petite-positive yeasts and some mammalian cells can survive the complete (r 0 ) or functionally complete (r À ) loss of their mtDNA, apparently at least in part due to the electrogenic activity of the mitochondrial ATP/ADP carrier protein (AAC) (Giraud and Velours, 1997; Buchet and Godinot, 1998) . In contrast, petite-negative yeasts cannot tolerate loss of mtDNA but mutations in F 1 subunits can convert these yeasts into petite-positive forms (Clark-Walker et al, 2000) .
These observations prompted us to investigate whether a similar scenario might occur in trypanosomes. Indeed, studies using the F 0 F 1 -ATP synthase complex inhibitor oligomycin had suggested that this complex is involved in maintaining a DCm in the LS stage (Nolan and Voorheis, 1992; Divo et al, 1993; Bertrand and Hajduk, 2000) . Here we present direct genetic evidence that the F 0 F 1 -ATP synthase complex fulfills an essential role in the LS stage of T. brucei by generating DCm using ATP hydrolysis. This is a reversal of its physiological role in the insect stage of the parasite and in the vast majority of eukaryotic organisms. We also show that the F 1 moiety of the complex is still required in Dk forms, whereas RNA editing is not. In addition, we identified a mutation in a subunit of F 1 that appears to be involved in enabling trypanosomes to survive as Dk forms. Our findings provide insight into important questions regarding mitochondrial function in the disease-causing stage of trypanosomes.
Results

Knockdown of ATP synthase subunit a in LS stage T. brucei is lethal
We assessed the requirement for the F 1 part of the ATP synthase complex in LS stage T. brucei by inducible silencing of its essential a subunit. A transgenic LS cell line, expressing the tet repressor protein (tetR) (Wirtz et al, 1999) , was transfected with a construct containing inverted repeats of the first 530 bp of the T. brucei ATP synthase a gene placed downstream of a tetracycline (tet)-inducible promoter.
Addition of tet to the culture medium, which results in expression of double-stranded RNA and RNAi-mediated degradation of the target mRNA (Shi et al, 2000) , led to massive lysis of parasites after 56 h ( Figure 1A ). No live parasites were detected between 60 and 85 h after induction of RNAi by microscopic inspection of the culture (not shown), but culture growth resumed indicating escape from RNAi as commonly seen with RNAi in trypanosomes (Chen et al, 2003) .
To assess the effectiveness and specificity of the knockdown, we performed quantitative real-time RT-PCR on RNA that was prepared from parasites 43 h after RNAi induction as well as from uninduced control and parental cell line parasites. The subunit a mRNA was reduced by B80% while the level of mitochondrially encoded ND4 mRNA, serving as an additional control, was not significantly changed compared to the parental cell line whether b-tubulin mRNA or 18S rRNA was used as RNA standard ( Figure 1B) . The slight increase in subunit b mRNA in the induced cells might be a response to loss of activity of the corresponding protein or complex (see below).
Western analysis of crude mitochondrial and cytosolic fractions prepared from 45 h RNAi-induced parasites revealed a substantial loss of F 1 subunit b and F 0 subunit 4 compared to uninduced control; reagents for the a subunit were not available ( Figure 1C , compare lanes 2 and 5). A crude mitochondrial fraction was prepared by permeabilizing cells with 0.015% (w/v) digitonin, which leaves the mitochondrion intact (Tan et al, 2002) , and was then lysed using 0.1% Triton X-100. Cells and other organelles that had escaped lysis together with insoluble proteins were pelleted in a subsequent centrifugation step. Analysis with an antibody specific for mitochondrial HSP70 as well as Coomassie staining of a parallel gel showed that comparable amounts of sample were loaded with perhaps slightly more for the uninduced samples. Analysis with an antiserum specific for the cytosolic ribosomal protein P0 showed cytosol was released by digitonin treatment (lanes 1 and 4). It also indicated that lysis was incomplete (as expected) since P0 was also present in the organellar and pellet fractions. Samples from recovered cultures (e.g. 130 h) had normal levels of b subunit, reflecting cell escape from RNAi (data not shown). The reduced levels of subunits 4 and b suggest that, as observed for yeast (LaiZhang et al, 1999; Lefebvre-Legendre et al, 2001) , in the absence of the a subunit the F 1 F 0 complex does not assemble properly and its unincorporated subunits degrade and/or mislocalize.
Mitochondrial ATPase activity was also substantially reduced upon RNAi induction ( Figure 1D ). ATP hydrolytic activity was measured via release of free phosphate (Law et al, 1995) in mitochondria prepared from 45 h RNAiinduced and uninduced cells using digitonin as described above. Oligomycin, a specific inhibitor of the F 0 F 1 complex, and azide, an inhibitor of F 1 (Buchet and Godinot, 1998) , reduced activity by B40 and B44%, respectively. This is similar to the degree of inhibition observed with other crude mitochondrial fractions from T. brucei (Bienen and Shaw, 1991) while 50-60% inhibition was observed with purified preparations of T. brucei F 0 F 1 -ATP synthase (Opperdoes et al, 1976; Williams, 1994) , indicating the presence of other ATP hydrolytic activities in these crude mitochondrial fractions. Induction of RNAi for 45 h reduced ATPase activity by B43%, which is comparable to the reduction obtained with ATPase activity in crude mitochondrial fractions, generated as in (C) and assayed by measuring release of free phosphate. ATP synthase inhibitors oligomycin (OM; 2.5 mg/ml) and azide (A; 1 mM) were added where indicated. Average numbers for four assays are shown, using extract preparations from two independent RNAi experiments.
function in the generation of a DCm (Nolan and Voorheis, 1992; Divo et al, 1993) . Live T. brucei were stained with 0.25 mM rhodamine 123 (Rh123), a fluorescent dye that is a marker for energized mitochondria (Divo et al, 1993; Wilkes et al, 1997) , and the resultant green fluorescence intensity was observed by epifluorescence microscopy and measured by flow cytometry ( Figure 2A ). Visual inspection by fluorescence microscopy showed bright fluorescence of the single tubular mitochondrion with very little background staining as reported (Divo et al, 1993) . Inclusion of the uncoupler FCCP reduced the fluorescence substantially (bottom row). Induction of ATP synthase subunit a RNAi for 45.5 h resulted in fluorescence with an intensity that is comparable to that of FCCP-treated cells (center row; note that Dk T. evansi cells were included as controls for staining). Analysis of Rh123 fluorescence over the RNAi time course revealed continuously decreasing fluorescence for 56 h followed by emergence of a population of parasites with normal DCm due to escape from RNAi ( Figure 2B ). Comparison of the percentage of normal Rh123 fluorescence (and thus DCm) with the growth curve from Figure 1A showed that the decrease of DCm set in just a few hours after induction of RNAi and reached 50% after B30 h, or more than 24 h before the onset of an effect on growth ( Figure 2C ). This suggests that the decrease in DCm is a primary response to the inactivation of the F 1 -ATP synthase complex and not a consequence of other lethal events. In addition, the DCm decrease is not immediately lethal but may result in lethality such as by loss of mitochondrial protein import as discussed below. In conclusion, these results strongly support an essential role of the F 1 part of the ATP synthase in generation of a DCm.
Knockout of kinetoplastid RNA editing ligase 1 in Dk T. evansi
We investigated the requirement for the RNA editing complex in LS stage Dk trypanosomes since ATP synthase subunit 6 is encoded in the maxicircle component of mtDNA and its mRNA requires editing to be functional (Bhat et al, 1990) . Analysis of two Dk strains showed that they contain functional editing complexes (Domingo et al, 2003) . One of the strains, T. evansi Antat 3/3, has a single class of minicircles and lacks maxicircles (Borst et al, 1987; Songa et al, 1990) and thus lacks all mitochondrial protein coding genes, including that for ATP synthase subunit 6. We prepared null mutants of the kinetoplastid RNA editing ligase 1 (KREL1), which is essential in LS stage T. brucei , using a gene replacement strategy (Wirtz et al, 1999) . The first allele was replaced with the neomycin resistance marker and the second with a construct containing tetR and the hygromycin resistance marker. Clonal transfectants were obtained at normal frequency. Western analysis confirmed the absence of the KREL1 protein from these null mutants (Supplementary Figure S1A) and PCR analysis confirmed the absence of the KREL1 gene (data not shown). The growth rate of KREL1 À/À cells was indistinguishable from that of wild-type and KREL1 þ /À cells (Supplementary Figure S1B) . Thus, in contrast to T. brucei, the KREL1 enzyme and, by implication, the editing complex and RNA editing do not have a vital function in T. evansi Antat 3/3.
Knockdown of ATP synthase subunit a in Dk T. evansi Antat 3/3 is lethal ATP synthase subunit a expression was silenced by inducible RNAi expression in the T. evansi KREL À/À mutant, taking advantage of the expression of tetR in these cells. This knockdown was lethal to the parasite and no escape was observed, implying a robust knockdown ( Figure 3A ). Realtime RT-PCR analysis of RNAs from cells induced for 24 h showed that the knockdown was specific for subunit a ( Figure 3B ). No signal was observed for ND4 mRNA as expected since mtDNA-and hence this gene-is absent (note that our analysis compared transcript levels of RNAi and uninduced control cells with levels in T. brucei). The relative amounts of a and b subunits in uninduced control cells were reduced by B50% when b-tubulin was used as a reference, which was not the case when 18S rRNA was used for normalization. This indicates that the relative amounts of the two reference RNAs differ between T. evansi and T. brucei. Subcellular fractions from the T. evansi parasites in which RNAi was induced for 31 h and from uninduced control cells were prepared by sequential lysis with digitonin and Triton X-100, as described above for T. brucei, and analyzed by immunoblotting ( Figure 3C ). Interestingly, abundance of F 0 subunit 4 appeared to be reduced in T. evansi compared to T. brucei, possibly as a result of decreased stability of F 0 in the absence of the mitochondrially encoded subunit 6. As in T. brucei, the amounts of F 1 subunit b and F 0 subunit 4 were substantially reduced upon RNAi induction. This again suggests that the ATP synthase complex cannot assemble in the absence of the a subunit and that unincorporated subunits are degraded. The RNAi knockdown resulted in reduction of ATP hydrolytic activity to a similar extent as in T. brucei using crude mitochondrial fractions obtained and assayed as described above ( Figure 3D ). Oligomycin had only a small effect, if any, which is consistent with the expected lack of a functional F 0 part required to confer oligomycin sensitivity to the F 0 F 1 complex (Boyer, 1997) . Insensitivity of mitochondrial ATPase activity isolated from various Dk trypanosomes to oligomycin was reported previously (Opperdoes et al, 1976) .
Knockdown of ATP synthase subunit a expression in T. evansi resulted in substantial reduction of mitochondrial staining with Rh123 ( Figure 4A ). DCm decreased with a kinetic profile similar to T. brucei but the onset of cell death occurred sooner in T. evansi ( Figure 4B ). Cell growth had already slowed when the Rh123 fluorescence reached 50% in T. evansi (at B35 h) while growth was unaffected at this stage (50% fluorescence at B30 h) in T. brucei. These apparent differences in part may reflect a somewhat lower DCm in T. evansi, judged from results obtained by fluorescence microscopy using alternative dyes (data not shown). However, they may also reflect an altered role of F 1 in generating the DCm (see below).
Effect of ATP synthase inhibitors on growth and DWm
One prediction from the above results is that growth of LS T. brucei and T. evansi Antat 3/3 should show very different susceptibilities to the F 0 F 1 inhibitor oligomycin. Indeed, 125 ng/ml oligomycin was lethal to LS T. brucei while T. evansi was resistant to the inhibitor ( Figure 5A and B) . Growth of T. evansi did slow at concentrations above 500 ng/ ml, perhaps due to nonspecific toxicity at high T.b.
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T.e. Phase Rh123 DAPI concentrations (data not shown). In contrast, T. evansi showed about two-fold higher sensitivity than T. brucei to the F 1 inhibitor azide ( Figure 5C and D). The effects of oligomycin and azide on growth were consistent with the effects of these inhibitors on DCm: while 125 mg/ml oligomycin selectively abolished DCm in T. brucei, T. evansi cells were unaffected (Supplementary Figure S2, center rows) . In contrast, 0.5 mM azide abolished mitochondrial staining with Rh123 for both T. brucei and T. evansi. Insect form T. brucei, which, like most other organisms, generates DCm using respiratory complexes III and IV, remained unaffected (Supplementary Figure S2 , bottom rows). Incubation with 80 mM bongkrekic acid, an inhibitor of the AAC, also selectively decreased DCm in LS T. brucei and Analysis of ATP hydrolytic activity in crude mitochondrial fractions, generated as in (C) and assayed by measuring release of free phosphate. Average numbers for four assays are shown, using extract preparations from two independent RNAi experiments. See Figure 1D for abbreviations. Figure S3) . Hence, exchange of ATP and ADP between cytosol and mitochondrial matrix is involved in maintaining DCm in the bloodstream forms, but not the insect form. This role of the AAC can be direct and/or indirect, as discussed below.
T. evansi (Supplementary
Identification of a potential compensatory mutation in a Dk trypanosome
In the petite-negative yeast Kluyveromyces lactis, several mutations that can compensate for the loss of mtDNA are located in subunits of F 1 (Clark-Walker et al, 2000) . To investigate whether a similar mechanism might be responsible for dyskinetoplasty in trypanosomes, we cloned and compared gene sequences for a, b, and g subunits from normal T. brucei strains 427 and 164, the acriflavine-induced Dk strain 164 (Stuart, 1971) , and T. evansi strain Antat 3/3. Among the three polymorphisms identified was a change from Leu to Pro at amino-acid residue 262 of the g subunit of T. brucei Dk164 (Supplementary Figure S4) . This mutation is in the C-terminal region of the g subunit (in the matrix proximal region of F 1 ), close to suppressor mutations identified in K. lactis (atp3-1 and atp3-2 in Supplementary Figure S4 ) (Clark-Walker et al, 2000) . We therefore tested whether this mutation might be associated with increased tolerance to the loss of mtDNA. Conservation of this leucine between T. brucei and K. lactis enabled us to introduce the homologous amino-acid change into the yeast, where the g subunit is encoded by the ATP3 gene. Yeast cells that harbor the Leu to Pro mutation (designated atp3-3) grew on standard glucose plates as well as wild type ( Figure 6 , top panel). Cells expressing atp3-2 grew a little slower. Cells expressing atp3-3 grew as well as wild type on a nonfermentable carbon source (glycerol), indicating that this mutation did not significantly affect the ability of the ATP synthase complex to function in oxidative phosphorylation ( Figure 6 , center panel). In contrast, as found before (Clark-Walker et al, 2000), yeast cells expressing atp3-2 grew poorly on glycerol. When plated on glucose medium containing ethidium bromide (EB), which causes deletions in mtDNA, the atp3-3 cells grew as well as the atp3-2 cells, while wild-type cells grew very poorly ( Figure 6 , bottom panel). Analysis of the individual EB-resistant atp3-3 colonies showed that they had lost mtDNA and did not grow on nonfermentable substrates (data not shown). The two EBresistant colonies obtained for the wild-type strain are EBinduced mutants containing suppressors of r 0 /r À lethality (data not shown). Thus, the mutation identified in the ATP synthase subunit g from T. brucei DK164 can convert the petite-negative yeast K. lactis into a petite-positive form. Consequently, it seems likely that the Leu to Pro change has a similar role in compensating the loss of kDNA in trypanosomes. Suppressor mutations in K. lactis reduce the K m of F 1 for ATP (Clark-Walker, 2003) . Similarly, we found that the atp3-3 mutation reduced the K m from 2.0670.14 to 0.8970.14 mmol/min mg protein (Supplementary Figure S5) .
Discussion
The F 1 part of the mitochondrial ATP synthase complex was found to be essential for generating DCm and for survival of LS bloodstream form T. brucei as well as its Dk relative T. evansi Antat 3/3. We hypothesize that cell death is due to the collapse of critical transport processes between mitochondrion and cytoplasm, which depend on DCm. These results indicate that the ATP synthase complex hydrolyzes ATP to generate the DCm in bloodstream forms, hence functioning opposite to its ATP synthesis mode that occurs in the insect stage and in most eukaryotes. A mutation was found in the nuclearly encoded ATP synthase g subunit of a Dk strain, which appears to help these cells evade the need for gene products encoded in mtDNA, such as subunit 6 of the ATP synthase complex. The RNA editing complex, which, like mtDNA, is essential in normal T. brucei, was shown not to be essential in T. evansi, suggesting that its function in T. brucei is limited to its role in the expression of mitochondrial genes.
The activity of the F 0 F 1 -ATP synthase complex is essential in LS T. brucei since both knockdown of expression of its a subunit and addition of oligomycin or azide, inhibitors of this complex, were lethal within a few days ( Figures 1A and 6A ). RNAi knockdown of the a subunit resulted in reduced levels of subunits b and 4, confirming that the complex cannot assemble in the absence of the a subunit (Lai-Zhang et al, 1999; Lefebvre-Legendre et al, 2001) .
Collapse of DCm appeared to be the primary consequence of subunit a knockdown since its decrease began shortly after induction of RNAi and reached background levels prior to inhibition of growth ( Figure 2C ). This finding supports the conclusion of others that oligomycin sensitivity of the DCm reflects its generation by the ATP synthase complex in LS T. brucei (Nolan and Voorheis, 1992; Divo et al, 1993) . DCm is absolutely required for mitochondrial import of proteins encoded in the nucleus as well as for other transport processes and is therefore essential for the vast majority of mitochondrial activities, including biogenesis of the mitochondrion itself (Neupert, 1997) . Some mitochondrial activities in LS T. brucei are repressed (Schneider, 2001 ), but recent findings have suggested important roles for the organelle in that stage of the life cycle (Schnaufer et al, 2002) . For instance, respiration in LS T. brucei is mediated by a mitochondrial trypanosome alternative oxidase and this enzyme might be essential (Helfert et al, 2001) . Collapse of DCm is also a key event in apoptosis and although T. brucei lacks components of the classical apoptotic pathway (Esseiva et al, 2004) , it appears to have some form of programmed cell death (Welburn et al, 1997) , which may have been triggered by inactivation of the ATP synthase complex. MtDNA and its expression with the help of RNA editing have recently been shown to be essential for survival of LS bloodstream form T. brucei (Timms et al, 2002; Stuart et al, 2005) . The fact that Dk trypanosomes can survive as bloodstream forms therefore presents an intriguing conundrum (Schnaufer et al, 2002) , which is underscored by our finding that the normally essential RNA editing enzyme KREL1 can be knocked out in Dk T. evansi without an obvious phenotype (Supplementary Figure S1) . Findings presented in this paper help explain how LS Dk strains might generate the DCm and survive the loss of the normally required mitochondrial gene products. The Dk strains require F 1 -ATP synthase activity, like the wild type, as evident from the loss of DCm and growth inhibition resulting from knockdown of a subunit expression or addition of azide to the medium ( Figures 3A, 4 , and 5D). However, unlike the wild-type strain, ATP hydrolysis activity and cell growth of Dk T. evansi are essentially insensitive to oligomycin ( Figure 5B ; Opperdoes et al, 1976) . This suggests that in T. evansi, the F 1 part, which by itself is insensitive to oligomycin, still functions in the generation of the DCm and that the F 0 F 1 complex is altered. MtDNA of T. brucei encodes a protein with homology to ATP synthase subunit 6, the mRNA of which requires extensive RNA editing (Bhat et al, 1990) . This subunit is an essential component of the proton channel of the F 0 moiety (Boyer, 1997) and is therefore expected to be essential for the proton-pumping activity of F 0 F 1 -ATP synthase in LS T. brucei. This is also implied by collapse of the DCm in T. brucei following treatment with acriflavine (Timms et al, 2002) , which specifically deletes mtDNA. Based on our finding of a mutated ATP synthase g subunit in a Dk strain of T. brucei, we suggest that mutations in subunits of the F 0 F 1 complex may have altered the complex and compensated, at least in part, for the loss of mitochondrial gene products. Our finding resembles the identification of suppressor mutations in F 1 subunits in the petite-negative yeast K. lactis, which, like T. brucei, does normally depend on the synthesis of mitochondrial gene products (Clark-Walker et al, 2000) . Indeed, introduction of the identified mutation into the g subunit of K. lactis suppressed the petite-negative phenotype and enabled growth under conditions that induce loss of mtDNA ( Figure 6 ). Like previously identified suppressor mutations in K. lactis, the mutation identified here results in a lower K m for ATP (Supplemental Figure S5 ; Clark-Walker, 2003) . In addition, the mutation may increase the stability of F 1 in the absence of F 0 and this possibility remains to be investigated. The situation in Dk cells therefore may be analogous to r . This exchange could generate a DCm that would sustain essential organelle functions, even in the absence of processes that require mitochondrial gene products (Giraud and Velours, 1997; Buchet and Godinot, 1998) . Hence, the AAC would have a more indirect role for generating DCm in the normal LS form (by supplying ATP for proton pumping by the F 0 F 1 complex) and a direct role in the Dk form. Indeed, DCm of both forms (but not the insect form) was reduced by the AAC inhibitor bongkrekic acid (Supplementary Figure S3) . Additional studies are needed to determine whether F 1 -ATPases from Dk trypanosomes in general have a lower K m for ATP and if the mutation that we identified is sufficient to compensate for the loss of mitochondrial gene products in T. brucei. Considering that a singular evolutionary event may have given rise to stable Dk trypanosomes in nature (Brun et al, 1998) and the difficulty of generating such strains in the laboratory (Stuart, 1971 ; The Leu262Pro mutation in the gene encoding the g subunit of the F 1 moiety from a Dk strain of T. brucei converts the petite-negative yeast K. lactis into a petite-positive form. The Leu to Pro mutation was introduced into the conserved residue of the ATP synthase g subunit of K. lactis (Leu265 in ATP3) and the mutant allele (atp3-3) expressed in a strain lacking the endogenous ATP3 gene. Control strains expressed the wild-type ATP3 gene or a suppressor mutation identified previously (atp3-2). Growth was analyzed after serial dilution on plates containing the carbon sources glucose (Glu), glycerol (Gly), or glucose medium with 16 mg/ml EB. Plates were incubated at 281C for 2, 6, and 9 days, respectively. Timms et al, 2002) , it seems more likely that multiple mutations may be required.
Our model for the generation of DCm in trypanosomes is summarized in Figure 7 . The F 0 F 1 -ATP synthase complex has the conventional role of ATP generation during oxidative phosphorylation in the insect stage but it does not appear to be essential, since oligomycin does not affect intracellular ATP levels and only moderately affects growth (Coustou et al, 2003) . In the LS bloodstream stage, by contrast, the complex is normally essential, although much less abundant than in the insect stage (Brown et al, 2001) , and has a role opposite to that of the conventional role, namely generation of DCm at the expense of ATP consumption. The shift between life cycle stages and the need to control ATP hydrolysis in insect stage mitochondria suggests the existence of a critical regulatory system. The identification of a peptide that inhibits the enzymes' ATP hydrolytic activity may be a component of such a regulatory system since its abundance appears to be upregulated in the insect stage (Chi et al, 1996) . Intriguingly, our analysis of the T. brucei genome database (www.GeneDB.org) revealed three different genes for F 0 subunit 9 (data not shown). Analysis of their expression or activity in different life cycle stages may indicate potential mechanisms that regulate the activity of the complex. The unusual but essential role of the mitochondrial ATP synthase complex in the disease-causing stage of T. brucei may open opportunities for drug development. An inhibitor selective for the ATP hydrolytic direction of the enzyme would be expected to be lethal to the parasite but not the host, and such inhibitors may be adapted from those under development to prevent tissue damage under ischemic conditions (St Pierre et al, 2000).
Materials and methods
Trypanosome plasmid construction and transfection
The inducible RNAi plasmid for silencing ATP synthase subunit a was generated using the pQuadra system (Inoue et al, 2005) . Briefly, the first 530 bp of the subunit a gene were amplified by PCR, using oligos with specifically designed BstXI sites. Ligation with BstXIdigested pQuadra1 and pQuadra3 plasmids generated pQuadraATPa, containing inverted repeats of the PCR product separated by a spacer region. Knockout plasmids for replacing the two KREL1 alleles with T7RNAP plus neomycin resistance marker and tetR plus hygromycin resistance marker, respectively, have been described previously ). Transfection of NotI-linearized constructs into the LS bloodstream form 'single marker' cell line (Wirtz et al, 1999) or T. evansi Antat 3/3 (Borst et al, 1987) and selection of transgenic cell lines was carried out as described ).
Growth analysis of trypanosomes
Throughout growth analyses, cells were maintained at exponential growth (between 10 5 and 10 6 cells/ml). RNAi was induced by adding 1 mg/ml tet to the medium.
Quantitative real-time RT-PCR analysis
Mid-log trypanosomes were harvested at room temperature (10 min, 1300 g) and RNA was isolated using the Ultraspec RNA Reagent (Biotecx Laboratories Inc., Houston, TX). Quantitative real-time RT-PCR analysis was carried out as described (Carnes et al, 2005) , using 10 ml of a mix of the specific primers at 1.5 mM (see Supplementary data). Reactions were analyzed with the ABI Prism 7000 software (Applied Biosystems). Relative amounts of RNA template in the preparations were calculated using the DDCt method (Ingham et al, 2001) . Parallel amplifications minus the reverse transcription step revealed only insignificant contaminations with genomic DNA.
Digitonin fractionation, ATPase assay, and Western blotting
Crude mitochondrial preparations were obtained by fractionation with digitonin (Tan et al, 2002) . ATPase activity was measured based on release of free phosphate (Law et al, 1995) . Briefly, B4 Â 10 8 mid-log trypanosomes were harvested by centrifugation (1300 g, 10 min), washed, and permeabilized with 0.015% (w/v) digitonin. The crude cytosolic fraction was obtained as the supernatant from a 4000 g/3 min spin at 41C. The pellet, representing the crude mitochondrial fraction, was resuspended in ATPase assay buffer (10 mM Tris-HCl, pH 8.2; 0.2 M KCl; 2 mM MgCl 2 ). Where indicated, oligomycin or sodium azide was added to 25 mg/ ml (B10 mg/mg protein) and 1 mM, respectively. The reaction was started by addition of ATP to a final concentration of 5 mM. After 0, 10, and 20 min, 95 ml aliquots were added to 5 ml 3 M trichloric acid and kept on ice for 30 min. The precipitate was pelleted (16 000 g, 10 min), 90 ml of the supernatant was added to 0.5 ml Sumner reagent (Law et al, 1995) , and absorbance was measured at 610 nm. For Western analysis, the crude mitochondrial fraction obtained above was lysed by addition of 0.1 volume of 10% Triton X-100. Soluble and insoluble fractions were obtained by centrifugation at 16 000 g for 10 min and separated by SDS-PAGE. Gels were either stained with Coomassie blue or transferred to PVDF membrane. Western blots were probed with reagents against the F 1 moiety of Crithidia fasciculata (Speijer et al, 1997) , which crossreacts only with the b subunit of the T. brucei complex, subunit 4 of Leishmania tarentolae (Nebohacova et al, 2003) , mitochondrial HSP70 from T. brucei (Panigrahi et al, 2003) , and ribosomal protein P0 from T. cruzi (Skeiky et al, 1994) . For Western analysis of whole-cell lysates, cells were harvested by centrifugation and lysed in SDS sample buffer. Extracts corresponding to 5 Â10 7 cell equivalents were fractionated and transferred to PVDF membrane as described above and probed with monoclonal antibodies against editosome proteins KREPA1, KREPA2, KREL1, and KREPA3 Schnaufer et al, 2001 ).
Analysis of DWm by microscopy and flow cytometry A 1 ml portion of mid-log trypanosomes was incubated in the presence of 250 nM Rh123 (Molecular Probes; plus 1 mg/ml DAPI for microscopy) for 20 min at 371C, harvested (1300 g, 10 min), and washed with 1 ml CytoMix (25 mM HEPES, pH 7.6; 120 mM KCl; Figure 7 Model for ATP synthase complex function in trypanosome mitochondria. The ATP synthase complex functions conventionally in the insect stage and generates ATP by utilizing the proton gradient produced by the respiratory chain. The ATP synthase complex works in reverse in the LS bloodstream stage, which lacks a cytochrome-mediated respiratory chain, and utilizes ATP to pump protons out of the matrix, generating a DCm. In Dk trypanosomes, the F 1 part is still essential for generating a DCm, presumably for ATP hydrolysis as in the wild type, but the F 0 part is absent or nonfunctional. The electrogenic ATP/ADP exchange that is catalyzed by AAC may be involved in the generation of a DCm as has been proposed for r 0 and r À mammalian and yeast cells (see text). A high rate of ATP hydrolysis by F 1 may be required to keep the matrix ATP concentration sufficiently low, which may be achieved by mutations in F 1 subunits like those identified here and in petite-negative yeasts. Note that each AAC catalyzes the exchange of one molecule of ADP for one molecule of ATP; two AAC proteins are shown solely to clarify ATP/ADP entry and exit. 0.15 mM CaCl 2 ; 10mM K 2 HPO 4 /KH 2 PO4, pH 7.6; 2 mM EDTA; 5 mM MgCl 2 ; 6 mM glucose). For microscopy, cells were resuspended in residual buffer, partially immobilized on HMI-9 medium containing 0.65% low-melting-type agarose, and analyzed using a Nikon Eclipse E600 fluorescence microscope. For flow cytometry, cells were resuspended in 0.5 ml CytoMix and analyzed for green fluorescence in a Beckman Coulter Epics XL-MCL flow cytometer.
Sequence comparison of ATP synthase subunits a, b, and c Genomic DNA was prepared from the following trypanosome strains: T. brucei brucei 427, procyclic and bloodstream stage (Cross, 1975) ; T. brucei brucei 164 and DK164 (Stuart, 1971) ; T. evansi Antat 3/3 (Borst et al, 1987) . Complete coding sequences for ATP synthase subunits were amplified by PCR (see Supplementary data for primers), subcloned, and sequenced. In each case, sequences from at least three individual PCR reactions were analyzed to exclude PCR artifacts.
Yeast strains and plasmids; expression of mutagenized ATP3 in yeast
See Supplementary data for details.
Supplementary data
Supplementary data is available at The EMBO Journal Online.
